Abstract. Inter-hemispheric coupling between the polar summer mesosphere and planetary-wave activity in the extratropical winter stratosphere has recently been inferred using Polar Mesospheric Cloud (PMC) properties as a proxy for mesospheric temperature (Karlsson et al., 2007) . Here we confirm these results using a ten-year time series of July mesospheric temperatures near 60 • N derived from the hydroxyl (OH) nightglow. In addition, we show that the time-lagged correlation between these summer mesospheric temperatures and the ECMWF winter stratospheric temperatures displays a strong Quasi-Biennial Oscillation (QBO). The sign and phase of the correlation is consistent with the QBO modulation of the extra-tropical stratospheric dynamics in the Southern Hemisphere via the Holton-Tan mechanism (Holton and Tan, 1980) . This lends strength to the identification of synoptic and planetary waves as the driver of the inter-hemispheric coupling, and results in a strong QBO modulation of the polar summer mesospheric temperatures.
Introduction
As atmospheric gravity waves propagate upwards, they are filtered by the geostrophic zonal winds of the stratosphere, resulting in a net wave momentum flux to the mesosphere that is in the opposite direction to the stratospheric winds (Fritts and Alexander, 2003) . These waves grow in amplitude as they propagate into the rarefied mesosphere, and some become unstable and locally dissipate their energy and deCorrespondence to: P. J. Espy (patrick.espy@ntnu.no) posit their momentum as they break. This input of momentum creates a drag force on the zonal wind that establishes a pole-to-pole circulation in the mesosphere (Lindzen, 1981; Holton, 1982 Holton, , 1983 Garcia and Solomon, 1985) . The resulting wintertime convergent and downward flow, and the corresponding summertime divergent and upward flow, adiabatically drive the polar mesospheric temperatures far from radiative equilibrium and create a warm winter and cold summer mesopause in the polar regions (Haurwitz, 1961; Garcia and Solomon, 1985; Lübken et al., 1990; Fritts and Luo, 1995; Luo et al., 1995; Espy and Stegman, 2002; Fritts and Alexander, 2003) . This adiabatic cooling drives the summer polar mesopause temperatures below 150 K, and the small amounts of water vapour present can condense into the ice clouds known as Polar Mesospheric Clouds (PMC).
The strength of this inter-hemispheric circulation, and thus the degree of heating or cooling at the polar mesopause, depends upon the net amount gravity-wave momentum flux deposited in the mesosphere. Hence, stronger stratospheric zonal winds result in a more complete filtering of the waves, giving a higher net gravity-wave momentum flux and a stronger residual circulation, and vice versa (Holton, 1982 (Holton, , 1983 . During the winter, planetary-wave breaking can disrupt the stratospheric zonal flow and its wave filtering, decreasing the strength of this inter-hemispheric circulation and its resultant heating and cooling (Becker et al., 2004) . The extreme stratospheric planetary-wave activity during the Antarctic winter of 2002, which eventually led to the unusual major stratospheric warming, has been cited by Becker et al. (2004) as a possible cause of the decrease in the occurrence frequency of Northern Hemisphere PMC observed by the SNOE satellite (Bailey et al., 2005) . Karlsson et al. (2007) examined the year to year variability of the polar summer mesosphere and found a strong correlation between the radii of PMC, used as a proxy for the temperature of the mesosphere, and the winter stratospheric temperatures that were used as a proxy for the residual circulation in the stratosphere. They found that warmer stratospheric temperatures in the winter hemisphere, an indicator of increased planetary wave activity, could be associated with warm anomalies of the summer mesospheric temperatures in the opposite hemisphere. These observations, along with modelling studies (Karlsson et al., 2009; Körnich and Becker, 2010) , suggested that planetary-wave activity in the winter hemisphere was the cause of the disruption in the inter-hemispheric flow and the variation in the summertime mesopause temperatures. However, as there are many factors that can influence the size of PMC in a non-linear manner, we repeat this correlation analysis using a time series of temperatures near the mesopause derived from observations of the hydroxyl infrared nightglow near 60 • N. The mesospheric temperature data stretch over ten Northern-Hemisphere summer seasons, and the July average temperature is used for the correlation analysis. The time-lagged correlations with the July, Southern Hemisphere stratospheric temperatures from the ERA-40 re-analysis data from the European Centre for Medium range Weather Forecasting (ECMWF) are examined for QBO modulation effects. Since the QBO in an easterly phase would direct synoptic-and planetary-wave activity towards the winter pole and slow the zonal mean flow (Holton and Tan, 1980; Dunkerton and Baldwin, 1991; Salby et al., 1997; Baldwin and Dunkerton, 1998; Kuroda and Kodera, 2001 ), a QBO modulation of the inter-hemispheric coupling effect would provide further mechanistic evidence that it is the Southern Hemisphere planetary-wave activity during winter that modulates the temperatures at the summer mesopause.
Instrumentation and observations

Hydroxyl nightglow
Michelson interferometer observations of the OH Meinel (3,1) band nightglow were made in the spectral region between 1475 and 1527 nm at ∼0.5 nm resolution in order to derive its rotational temperature. Since the low-lying rotational levels of this band are in thermal equilibrium with the surrounding atmosphere (Pendleton et al., 1993) , these temperatures were taken to be the average neutral temperature over the 8-km-thick OH layer centred near 87 km (Baker and Stair, 1988) . The instrument operated in the near infrared, allowing OH radiance and temperature measurements to be obtained at solar zenith angles greater than 95 • . The measurements were made from Stockholm, Sweden (59.5 • N, 18.2 • E) during the summers of 1991 and 1993, and then continuously from 1993 through 1998. After 1998, the instrument was moved to Onsala, Sweden (57.4 • N, 11.9 • E), and data collection continued through 2000.
The interferometer scanned each interferogram in ∼3 s, but added scans in memory to yield an integration period of between ∼5 and ∼15 min for each spectrum, depending upon the radiance levels. Due to scattered light, data could only be acquired whenever the sun was more than 5 • below the horizon. This gave from ∼3.5 to ∼5.5 h of observation time each night over the course of July. Both a 1000 K blackbody and transfer standard were used to generate the spectral responses, and the OH line positions of Maillard et al. (1976) were used to calibrate the wavelength scales. Details of these spectral and wavelength calibrations are described in Espy and Stegman (2002) . Espy et al. (1995) describe in detail the spectral fitting technique used on the data. In brief, the spectral region of the (3,1) Meinel vibration-rotation band was modelled using a synthetic hydroxyl spectrum and a model generated scattered solar spectrum (Berk, 1989) . The hydroxyl spectrum was generated by convolving the instrumental line-shape function with the line strengths of Mies (1974) , using a Boltzmann model of the rotational-level populations. The rotational temperature, integrated band strength and a scaling for the solar scatter were then adjusted to give a best, leastsquares fit to the data (Hill et al., 1979) . In order to remove the contribution of continuum radiation, both the data and the model were high-pass filtered before fitting. Using a sample of data obtained under clear-sky conditions the relative uncertainty estimates for the individual fits of integrated band radiance and rotational temperature were typically on the order of 1-3% and 3-5%, respectively. Data periods obscured by clouds were marked by a significantly reduced signal-tonoise, resulting in the fitting routine either failing to converge or converging with large uncertainty estimates. It was empirically determined that error estimates three-sigma larger than those of the clear-sky data were contaminated by cloud and dropped from the analysis.
After processing, the individual 5 to 15 min temperature values were combined to form a single nightly average. This averaging, as well as the monthly averaging described below, had the effect of smoothing out the variations caused by short-period gravity waves. However, during individual nights, the OH temperature can vary by 3-5% due to both photo-chemical and tidal effects (Lowe et al., 1996) . Therefore, in order to prevent data gaps caused by cloudy periods during the night from skewing the average, nights with less than 100 min of data were not included in the analysis. On average, each night used in the analysis covered 89-93% of the possible observation time, with a minimum data coverage of 30%. Karlsson et al. (2007) used the lower stratospheric temperatures in the winter hemisphere as a proxy for the residual circulation. It should be noted that the mechanisms proposed for inter-hemispheric coupling rely on changes in the zonal wind field, not the temperature. However, the zonal wind has large latitudinal gradients compared to the temperature field. Thus, the zonal average of temperature is more stable against year-to-year variations in the location and asymmetry of the vortex than that of the zonal wind. For that reason, and in keeping with the Karlsson et al. (2007) analysis, we use the zonally averaged, monthly mean, lower stratospheric temperatures from the ECMWF ERA-40 re-analysis (Uppala et al., 2005) as the primary characterization of the dynamic state of the winter stratosphere during the mesospheric data period: July 1991 through July 2000. As the data are for the Southern Hemisphere, where variations occur mainly on the vortex edge (Baldwin and Dunkerton, 1998; Kuroda and Kodera, 2001; Karlsson et al., 2007) , the data are averaged over the latitudinal band from 40 to 60 • S. The data cover the altitude range from 1000 to 1 hPa (approximately 0 to 50 km) in 23 steps, and the correlation analysis with the summer mesospheric temperatures is performed at each pressure level.
Stratospheric temperatures
QBO winds
The QBO data used in this article are taken from the 19-level, high-resolution merged data set of monthly means available from the Max Planck Institute for Meteorology, Hamburg (http://www.pa.op.dlr.de/CCMVal/Forcings/qbo data ccmval/u profile 195301-200412.html) between 1953 and 2004 . Although the QBO winds have been extended from 90 to 3 hPa, the propagation method to vertically extend the winds provides useful information only to 5 hPa (Giorgetta et al., 2002) . For that reason, only the 17 pressure levels between 90 and 5 hPa (approximately 16 to 35 km) were used in the analysis. The July monthly-mean QBO winds between 1991 and 2000 were correlated with the mesospheric temperatures at each of these levels.
Analysis and results
Due to seasonal and longer time-scale variations, the temperature and wind data were de-trended prior to any correlation analysis. The nightly-averaged mesospheric temperatures were averaged for each day-of-year (DoY) over the period from 1991 through 2000. The resulting average seasonal behaviour is shown in Fig. 1 , along with the number of individual observations present each DoY. Although there is a large seasonal variation, the temperatures are stable during the July period (days 182-212). Nevertheless, a harmonic fit to the data was used to remove the mean and significant periodic components on a DoY basis. In addition to seasonal changes, it has been shown that variations in solar activity can affect the magnitude of hydroxyl-derived temperatures (Pertsev and Perminov, 2007) . Thus, a regression analysis between the individual nightly-mean temperatures and the corresponding F10.7 flux (in solar flux units) was performed, and the resulting solar attributable signal, 2.0 ± 0.4 × 10 −2 K/sfu, was removed from the data before the monthly means for July were formed. The resulting July-mean mesospheric temperature anomaly from 1991 through 2000 is shown in Fig. 2 .
Although the Southern Hemisphere stratospheric temperatures between 40 and 60 • S do not show a significant solarcycle variation, they do display long term trends (Randel et al., 2009 ). Thus, an average and linear trend were fitted and removed from the July-mean temperatures. As an example, the resulting 50 hPa temperature anomalies from 1991 through 2000 are also shown in Fig. 2 .
Finally, while the QBO-wind anomaly shows a frequency modulation dependent upon solar cycle, its amplitude shows no systematic change (Salby and Callaghan, 2000) . Thus, no solar cycle correction was applied to the data. Instead, at each pressure level, the mean July value, averaged over the years 1991 to 2000, was subtracted from the individual months before performing the correlation analysis. The resulting July, monthly-mean, QBO-anomaly data at 50 hPa are also shown in Fig. 2 (note the vertical scale is reversed for the QBO winds).
Upon examination of the data in Fig. 2 , the stratospheric and mesospheric temperatures clearly vary together year-toyear and are highly correlated. When those variations are compared to the QBO wind anomaly, it is clear that the apparent correlation between the temperatures is due almost entirely to a QBO modulation of those signals. This is particularly apparent for the years 1999 and 2000, where the asynchrony between the QBO and the yearly cycle results in the same QBO phase during those two summers. This is mirrored by the low temperature anomalies for those two years. In fact, the coefficient of linear correlation between the stratospheric and mesospheric temperatures shown in Fig. 2 is r = 0.8, significant at the 99% level. Similarly, the linear correlation coefficient between the mesospheric temperatures and the QBO wind anomaly is r = 0.7, significant at the 98% level. In order to see if the correlation between the mesospheric and stratospheric temperatures is driven by a QBO modulation, a time-lagged cross-covariance analysis (the cross-correlation of mean-removed data sequences) was performed. Figure 3a shows the cross-covariance between the Northern Hemisphere summer mesopause temperature and the Southern Hemisphere winter stratospheric temperatures as a function of stratospheric height and time lag between the data sequences. At zero lag, the cross-covariance is positive at all altitudes indicating that the temperatures are correlated. The average magnitude of the cross-covariance over the entire altitude range from 1 to 1000 hPa between these two data sets is r = 0.5, with a maximum magnitude of r = 0.8, similar to the results found by Karlsson et al. (2007) using the PMC proxy for mesospheric temperature. If we restrict ourselves to the approximate altitude region over which QBO data are available, 5-100 hPa, the average cross-covariance shown in Fig. 3b increases to 0.6 with the maximum magnitude remaining at r = 0.8. The time-lagged cross-covariance over this restricted altitude range is shown in Fig. 3b .
With increasing or decreasing time lag, the correlation may be seen to change from positive to negative approximately every year over the entire altitude range. In fact, periodogram analyses of the time-lagged covariance at 10 and 50 hPa, confirmed by maximum entropy analyses, show this variation to have a period of 2.1 years. This is exactly the same period given by time-series analyses of the QBO winds over the years from 1991 to 2000. Thus, during this time period, there is a phase-coherent oscillation in both the summer mesopause temperatures and the winter stratospheric temperatures that is in-phase over all altitudes, and this oscillation has the same period as the QBO. The phase of the oscillation is such that the summer mesopause and winter stratospheric temperature anomalies are warmer during years when the QBO is in the easterly phase at 50 hPa, and colder during the QBO westerly phase. A number of workers have found and explained this QBO signal in the wintertime polar and extra-tropical stratospheric temperatures (Holton and Tan, 1980; Dunkerton and Baldwin, 1991; Salby et al., 1997; Baldwin and Dunkerton, 1998; Kuroda and Kodera, 2001) . Conversely, although variations in mesospheric temperatures commensurate with the QBO period have been identified in some investigations (Espy and Stegman, 2002; Shepherd et al., 2004 Shepherd et al., , 2006 Xu et al., 2007) , many studies report no significant QBO signals in continuous time series of mid-to high-latitude hydroxyl temperatures (Bittner et al., 1998 (Bittner et al., , 2000 (Bittner et al., , 2002 French and Burns, 2004) . However, Fig. 2 shows that the variations in the 50 hPa QBO wind anomalies and the annually-sampled, summertime mesospheric temperature anomalies are strikingly similar, and as reported above, have a coefficient of linear correlation r = 0.7 significant at the 98% level. We have therefore repeated the time-lagged cross-covariance between the summer polar mesosphere temperatures and the QBO over the full altitude range of the QBO wind data, 90 to 5 hPa, and the results are shown in Fig. 4 .
At zero lag, Fig. 4 shows that the cross-covariance switches from a maximum anti-correlation of r = −0.8 below 15 hPa, to a maximum correlation of r = +0.8 above. This is consistent with the phase change of the QBO between the stratosphere and mesosphere (Burrage et al., 1996; Baldwin et al., 2001) . Thus, while the warm anomaly in the summertime polar mesospheric temperatures is associated with a westerly phase of the Mesospheric QBO (MQBO), it occurs during an easterly phase of the Stratospheric QBO (SQBO).
With increasing or decreasing time lag, the correlation may be seen to change sign approximately every year. In fact, periodogram analyses of the time-lagged covariance at both 10 and 50 hPa, confirmed by maximum entropy analyses, show this variation to have a period of 2.1 years, in agreement with the stratospheric temperature analysis given above. This is again the same period given by a time-series analysis of the QBO winds over the years from 1991 to 2000. Thus, during this time period, there is a phase-coherent oscillation with a period of 2.1 years in both the summer mesopause temperatures and the QBO winds. The oscillations are in phase above 15 hPa, 90 • out of phase at 15 hPa, and in anti-phase below that level. Baldwin and Dunkerton (1998) observed that due to the relatively weak Southern Hemisphere planetary wave field, the QBO-induced variations in the zonal wind occur mainly at the vortex edge (∼40-60 • S) at altitudes near 5 hPa. To check whether the temperature proxy for the residual circulation used here captures the behaviour of the wind field, we have compared the Northern Hemisphere mesospheric temperatures to zonal averages of the ERA-40 zonal wind over the same latitudinal range, 40 to 60 • S. Despite the increased variability mentioned previously, we find that these zonally averaged ERA-40 zonal winds are on average 3.4 m s 1 slower during years with the warm mesospheric temperature anomaly that is associated with the easterly phase of the QBO. We also find that the effect maximizes at 5 hPa, in agreement with the Baldwin and Dunkerton (1998) results. 
Discussion and conclusions
The primary result of this investigation has been to confirm the inter-hemispheric correlation found by Karlsson et al. (2007) between the polar temperatures in the winter stratosphere and the summer mesosphere using observations of the summer mesospheric temperature rather than temperature proxies based on PMC properties. More significantly, we have demonstrated that this correlation occurs due to a phase-coherent modulation of the temperatures in each hemisphere by the QBO. As a result of this modulation, the warm temperature anomalies in the winter polar stratosphere and the summer polar mesosphere coincide with the easterly phase of the SQBO. The importance of this latter result is that it confirms the role of synoptic and planetary waves as the primary agent of the inter-hemispheric coupling as suggested by Becker et al. (2004) and Karlsson et al. (2009) . There, it is proposed that when the flux of planetary-wave is larger in the winter hemisphere, it perturbs the winter polar-vortex winds, which results in less gravity-wave filtering, a weaker residual circulation, less adiabatic divergence in the polar summer mesopause and correspondingly warmer temperatures there. The phase of the QBO modulation of the polar temperatures found in this investigation is consistent with earlier findings that the polar winter vortex is warmer and weaker during the easterly phase of the SQBO due to the movement of the zero wind line, the critical line for synoptic and planetary waves, into the winner hemisphere (Holton and Tan, 1980; Mcintyre, 1982; O'Sullivan and Salby, 1990; O'Sullivan and Young, 1992) . The proximity of the critical line to the polar vortex results in more absorption of planetary-wave energy and eddy mixing that perturb the vortex and leads to warmer polar temperatures and weaker vortex winds. Thus, our finding of a QBO modulation of the summer stratospheric and winter mesospheric temperatures, with the warmer anomalies present during the easterly SQBO phase, support the proposed mechanism.
This study has also shown a strong QBO modulation of the polar summer mesospheric temperatures in contradiction to several ground-based OH temperature observations in the Antarctic (French and Burns, 2004) and at northern midlatitudes (Bittner et al., 1998 (Bittner et al., , 2000 (Bittner et al., , 2002 . There would be two mechanisms of communicating the QBO signal to the polar regions via the planetary-wave weakening of the vortex. The first would be the direct modulation of the winter polar temperatures through the increase in stratospheric warming events which cool the mesosphere. This would directly modulate the winter mesospheric temperatures in regions affected by the breakdown of the vortex. The second mechanism, the inter-hemispheric coupling of the winter vortex changes discussed here, would modulate only the summer mesospheric temperatures. Thus, a QBO modulation of mesospheric temperatures would not be expected in the Antarctic observations within the vortex, since the vortex core is stable during the winter observations (Baldwin and Dunkerton, 1998; Kuroda and Kodera, 2001; Karlsson et al., 2007) and no summer measurements of the hydroxyl are available during the polar day. Similarly, stratospheric warming events would not be expected to have a large effect on northern mid-latitude observations that are far outside the polar vortex. However, the near-infrared measurements presented here from ∼60 • N are within the influence of stratospheric warming events during winter, but at a low enough latitude such that summertime observations are possible.
An interesting effect of the QBO modulation occurring only during certain seasons is that it would create a nonlinear interaction between the QBO and the annual cycle of polar mesospheric temperatures that is the analogue of that found for polar stratospheric temperatures (Salby et al., 1997; Salby and Callaghan, 2000) . This would mean that if the data were stratified according to the QBO phase, this nonlinear interaction would produce an 11-year oscillation in the two data sets even if none were present in the original signal. In the few cases where mesospheric temperature data have been biennially sampled (Neuman, 1990; Nikolashkin, 2001) , this sampling artefact could have enhanced the inferred solar-cycle signal.
Finally, while this investigation has found the polar summer mesopause temperatures to be modulated by the QBO, with the warm anomalies occurring during an easterly phase of the SQBO, Fig. 4 shows that they occur during a westerly phase of the MQBO. A number of workers (Jarvis, 1996; Espy et al., 1997; Jarvis, 1997; Hibbins et al., 2007 Hibbins et al., , 2009 have shown that the westerly MQBO winds form a wave guide that allows westward tidal-and planetary-wave energy to migrate from the winter hemisphere into the summer mesosphere. The dissipation of this additional wave energy there would serve to enhance the warm temperature anomalies, strengthening the QBO modulation of the summer temperatures. However, the presence of waves with periods greater than ∼6 h has been shown to amplify PMC in the summer mesosphere (Rapp et al., 2002) , offsetting the effect on PMC. Thus the use of temperature proxies based on PMC properties should be used cautiously.
In conclusion, we have used a ten-year time series of July mesospheric temperatures near 60 • N derived from the hydroxyl (OH) nightglow to confirm the correlation of polar summer mesospheric temperatures with the polar winter stratospheric temperatures that was found by Karlsson et al. (1997) using proxy data. There was a phase-coherent oscillation at the period of the QBO in both winter stratospheric and summer mesospheric temperatures. The sign and phase of the correlation is consistent with the QBO modulation of the extra-tropical stratospheric dynamics in the Southern Hemisphere via the Holton-Tan mechanism (Holton and Tan, 1980) . This lends strength to the identification of synoptic and planetary waves as the driver of the inter-hemispheric coupling, and results in a strong QBO modulation of the polar summer mesospheric temperatures.
